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ABSTRACT
 
The German SAR (synthetic aperture radar) satellites TSX-
1 and TDX-1 outperform former civilian space-borne radar 
sensors in terms of geometric accuracy. Recently, both sat-
ellites constitute the first bistatic SAR system in space: Tan-
DEM-X. With the high geometric accuracy of both satel-
lites, the geolocation of ground targets has to accurately 
consider signal propagation effects and geodynamic effects 
which formerly were negligible. The prediction of expected 
radar positions is additionally complicated by the bistatic 
acquisition geometry of TanDEM-X. Here, we present our 
approach to cope with these demanding requirements. With 
the application of these techniques, measurements of the 
geometric accuracy of TSX-1 and TDX-1 reveal that their 
pixel localization accuracy is significantly better than in 
previous studies. 
 
Index Terms— synthetic aperture radar (SAR), bistatic 
SAR, pixel localization accuracy, geodesy
 
1. INTRODUCTION 
 
The German SAR (synthetic aperture radar) satellite Ter-
raSAR-X (TSX-1), launched in June 2007, outperforms 
former civilian space-borne radar sensors in terms of geo-
metric accuracy. TSX-1 and its twin satellite TDX-1, 
launched in June 2010, constitute the first bistatic SAR sys-
tem in space: TanDEM-X. Within the framework of the 
TanDEM-X mission, usually only one satellite (active satel-
lite) transmits and both satellites (active and passive satel-
lite) receive. 
With the high geometric accuracy of TSX-1 / TDX-1, 
several signal propagation effects and geodynamic effects 
such as solid earth tides, which formerly were negligible, 
have to be considered in the geolocation of ground targets 
[1][2]. In case of the TanDEM-X mission, additionally the 
bistatic acquisition geometry of the passive imaging channel 
turns the prediction of the expected radar position of a given 
ground target into a demanding task. All the more, the high 
relative localization accuracy between active and passive 
imaging channel requires geolocation accuracy below cen-
timeter level. For this purpose, we developed a numerical 
approach which copes with the requirements. 
Recent measurements on the absolute pixel localization 
of TSX-1 and TDX-1 which carefully take into account all 
mentioned effects – even continental drift, give new insights 
into the outstanding geometric accuracy of both satellites 
and allow the isolation of very small, bandwidth dependent 
effects which were undiscovered so far. Measurements on 
the relative pixel localization of both imaging channels, 
active and passive channel, of the bistatic TanDEM-X plat-
form even reveal accuracy values at sub-centimeter level. 
 
2. MEASUREMENT METHOD 
 
2.1. General Considerations 
 
In order to verify the pixel localization accuracy of TSX-1 
and TDX-1, the radar range and azimuth times of corner 
reflectors in focused SAR image are compared with their 
expected values obtained from precise GPS measurements 
[3] of their positions and estimated propagation delays. The 
conversion of the spatial GPS coordinates into expected 
radar time coordinates is based on zero Doppler equations 
[4] and orbit interpolation of the satellites’ positions during 
datatake acquisition. 
Radar systems indirectly measure geometric distances 
by means of the travel time of radar pulses from radar 
transmitter to ground and back to the radar receiver. Usu-
ally, the conversion from travel time to geometric distance 
uses the velocity of light in a vacuum. However, electrons 
in the ionosphere and water vapor in the atmosphere intro-
duce additional time variant signal delays which have to be 
taken into account. At the level of the geometric accuracy of 
TerraSAR-X and TanDEM-X, geodynamic effects like earth 
tides and continental drift shift the true position of a ground 
target by several centimeters over the course of a day or 
years, respectively [1]. The aforementioned geometric shifts 
and propagation delays require access to external data 
sources which are not included in the delivered TerraSAR-
X data products. 
The effect of the continental drift requires a careful 
choice of geodetic coordinate system. While the orbit trajec- 
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Figure 1: Effect of a coordinate system mismatch on the 
measured pixel localization error. Left: ETRS89 coordi-
nates are misinterpreted as ITRS-2005 coordinates. Right: 
ETRS89 coordinates are correctly transformed to the ITRS-
2005 coordinate system. 
tories of TSX-1 and TDX-1 are given in one of the interna-
tional coordinate systems ITRS-2005 or ITRS-20081, for 
geodetic measurements a coordinate system which is fixed 
to the respective tectonic plate (e.g. ETRS89 in case of the 
Eurasian plate) is commonly used, even if these measure-
ments are made with GPS. Therefore, in many cases a coor-
dinate transform (e.g. available by [5]) is required before 
comparing ground and radar coordinates. If no coordinate 
transform is performed, a coordinate mismatch on the 
ground of approximately 0.6 meters between ETRS89 and 
ITRS-2005 is bound to happen and leads to a shift in the 
radar coordinates on the same order of magnitude. 
Figure 1 illustrates the effect of such a coordinate mis-
match on the measurement of pixel localization accuracy. 
The left plot of Figure 1 results if the ETRS89 coordinates 
of the corner reflectors are misinterpreted as ITRS-2005 
coordinates. Because the Eurasian plate – and thus the 
ETRS89 coordinate system – drifts by about 3 centimeters 
per year to northeast [3], the expected corner positions shift-
ed southwest. As a consequence, for ascending orbits where 
the satellite moves approximately from south to north, the 
sensor images a corner reflector somewhat later than ex-
pected. With right looking imaging geometry, there is also 
an apparent shift to far range. The opposite shifts in azimuth 
and range occur for descending orbits. Thus, an apparent 
incongruity in the measured corner positions between data-
takes from ascending and descending orbits results. In con-
trast, the right plot in Figure 1 shows that with correctly 
transformed corner coordinates the measured corner posi-
tions in datatakes from ascending and descending orbits 
coincide. 
                                                
1 For datatakes which are recorded before April 17, 2011, the 
ITRS-2005 coordinate system is used. Later, the used coordinate 
system is ITRS-2008. 
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Figure 2: Bistatic acquisition geometry of TanDEM-X: pas-
sive (A) and active imaging channel (B). 
2.2. Specifics of Bistatic Acquisition Geometry 
 
In case of a bistatic acquisition geometry, the prediction of 
the expected slow and fast time position for a given ground 
target in a focused radar image has to consider the relative 
positions of three bodies which move relative to each other. 
There is the transmitting (active) satellite, the ground target 
and the receiving (passive) satellite. E.g. Figure 2A sketches 
the bistatic acquisition geometry of the passive imaging 
channel of TanDEM-X. Based on the sketch, the bistatic 
range history 
(1) ? ? ? ?? ? ?? ?tRttRtR RxTx ???? ?2
1 ?  
of the given ground target results. It can be numerically 
computed by orbit interpolations for active and passive sat-
ellite. In order to cope with high accuracy requirements, 
equation (1) explicitly considers the signal travel time 
(2)  ? ? ? ?
c
tRt ?? 2?  
from the transmission of a radar pulse at the active satellite 
at slow time t-?(t) to the reception of the radar echo at the 
passive satellite at slow time t. Because of the consideration 
of the signal travel time, equations (1) and (2) depend on 
each other, and the computation of the bistatic range history 
is in fact recursive. For this reason, we apply an iterative 
computation 
(3) ? ? ? ? ? ? estRx RtRtR ???0  
(4 ? ? ? ? ? ? ? ? ? ????
?
???
? ????
?
???
? ????? tR
c
tRtRtR Rx
n
Tx
n 2
2
11 . 
The parenthesized upper index of R(n)(t) counts the iteration. 
?Rest is an initial estimate for the across-track baseline be-
tween both satellites. This term is not mandatory, but an 
adequate choice of ?Rest improves the speed of convergence 
in the iterative computation. For moderate bistatic acquisi-
tion geometry like in the case of TanDEM-X, the shape of 
the range history resembles a hyperbola. The apex coordi-
nates of the bistatic range history yield the slow (t0) and fast 
time ( ? ? ctR /2 00 ??? ) of bistatic closest approach. Be-
cause the range history is only numerically given, we nu-
merically estimate the apex coordinates by nested intervals. 
? ???tRTx? ?tRRx ? ?tRRx? ???tRTx
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It is not immediately obvious that these deductions re-
fer also to the – apparently monostatic – one-satellite acqui-
sition geometry of the active TanDEM-X channel. But, if 
there are sub-centimeter requirements on the pixel localiza-
tion accuracy, even the motion of a single satellite between 
the instant of radar pulse transmission and the instant of 
echo reception gains relevance, and the stop-go approxima-
tion is no longer applicable. One has to explicitly distin-
guish between the satellite positions at both instants, as it is 
sketched in Fig. 2B. With this regard, even the one-satellite 
acquisition geometry has to be treated as bistatic geometry. 
Due to these considerations, the true minimum signal 
travel time is slightly longer than expected from monostatic 
computation. It results when the satellite transmits a radar 
pulse approximately ?0/2 before and receives the echo ap-
proximately ?0/2 after the instant of minimum geometric 
distance between satellite and ground target. The exact pro-
portion of transmit and receive path on the total signal travel 
time depends on the satellite’s trajectory. In case of the ac-
quisition geometry of the active TanDEM-X image channel, 
the range difference in the expected corner positions from 
both computation schemes, monostatic and bistatic, is typi-
cally in the order of magnitude of several tenth of a millime-
ter. 
 
3. ABSOLUTE LOCALIZATION ACCURACY 
We measured the absolute pixel localization accuracy of the 
TSX-1 satellite based on datatakes from the TerraSAR-X 
calibration campaigns 2007 and 2009. Figure 3 shows the 
measurement results. The range of the axes in the plots is 
chosen with regard to the TerraSAR-X product specification 
[6], which requires an accuracy (1?) of 1 meter. Because of 
the accurate estimation of signal propagation effects by tem-
porally and spatially adapted values and the consideration of 
geodynamic effects, our measurements reveal much better 
localization accuracy for TSX-1 than in previous studies 
(e.g. [7][8][9]). 
With the increased measurement accuracy, small sys-
tematic effects previously hidden by the measurement error 
become visible. In particular, relative range offsets depend-
ing on the range bandwidth (100, 150 and 300 MHz, respec-
tively) get apparent. The distribution of the localization er-
ror in the left plot of Figure 3 consists of three disjoint clus-
ters which are shifted against each other in the range direc-
tion. Table 1 shows the average range offset of the centroid 
of each of these clusters. This bandwidth dependency can be 
currently corrected by the user and shall be taken into ac-
count in a future instrument and processor recalibration. 
With regard to the azimuth direction, the measured corner 
reflector positions are on average slightly shifted against the 
expected positions toward late azimuth by approximately 8 
centimeters. 
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Figure 3: Pixel localization error of TSX-1. Left: based on 
current instrument calibration. Right: based on a modified 
instrument calibration which takes into account the band-
width dependent range offset annotated in Table 1. 
 
TABLE 1: BANDWIDTH DEPENDENCY OF THE MEASURED 
RANGE OFFSET FOR TSX-1 SATELLITE 
range bandwidth remaining range offset 
100 MHz -33 cm 
150 MHz -14 cm 
300 MHz +12 cm 
 
Until a product recalibration has been performed, the 
inverse of the range offsets in Table 1 yields an approxima-
tion for a range annotation shift which has to be applied in 
high accuracy measurements in order to compensate for this 
bandwidth dependency. The right plot of Figure 3 demon-
strates the improved pixel localization accuracy which re-
sults with this correction and a correction of the measured 
average azimuth offset. Here, the previously disjoint clus-
ters of measured values coincide with each other. The pixel 
localization error (1?) improves to 5 centimeters in range 
and 7 centimeters in azimuth, respectively. 
A large amount of this pixel localization error can be 
derived by theoretical considerations. According to [10], the 
expected accuracy of TerraSAR-X science orbits is about 4 
centimeters. In the azimuth direction, the annotation accu-
racy of the datatake recording time provides an additional 
error contribution with 3.8 centimeters standard deviation. 
In azimuth, orbit and timing errors lead to an expected pixel 
localization error of approximately 5.5 centimeters. In range 
only the orbit error of 4 centimeters plays a role. From the 
results in [1] we expect that the remaining part of the pixel 
localization error can be predominantly attributed to the 
position determination error of the different corner reflec-
tors. 
4. RELATIVE LOCALIZATION ACCURACY 
 
An important quality parameter for the co-annotation accu-
racy of active and passive imaging channel in bistatic Tan-
DEM-X acquisitions is the relative offset of both channels. 
Table 2 shows first measurement results of this parameter 
based on bistatic acquisitions from the TanDEM-X commis-
sioning phase. In azimuth, the position offset and its stan-
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TABLE 2: MEASURED PIXEL LOCALIZATION OFFSET OF 
TANDEM-X PASSIVE IMAGING CHANNEL RELATIVE TO THE 
ACTIVE CHANNEL IN SEVERAL BISTATIC ACQUISITIONS 
date active 
satellite 
passive 
satellite 
azimuth 
offset 
[mm] 
Range 
offset 
[mm] 
2010-
10-31 
TSX-1 TDX-1 -25±16 +10.3±1.1 
2010-
11-05 
TDX-1 TSX-1 +141±36 -3.5±0.9 
2010-
11-11 
TDX-1 TSX-1 +16±18 +4.6±1.5 
2010-
11-16 
TSX-1 TDX-1 -36±30 +0.4±1.5 
2010-
11-17 
TDX-1 TSX-1 -10±62 +0.6±0.4 
 
dard deviation are in the order of magnitude of a few centi-
meters. However, the accuracy in range is significantly bet-
ter. There are just a few millimeters of average range offset 
while the standard deviation is typically about 1 millimeter. 
While several sources of error (e. g. the signal propagation 
delays) are equal in both simultaneously acquired imaging 
channels, and thus their effect cancels out in a relative 
measurement, the outstanding performance is mainly based 
on the precise knowledge of the satellites’ baseline at sub-
millimeter level. 
 
5. CONCLUSIONS 
 
With the high geometric accuracy of TSX-1 / TDX-1, the 
geolocation of ground targets has to accurately consider 
signal propagation effects and geodynamic effects which 
were formerly negligible. Our recent measurements take 
these effects into account and reveal significantly better 
absolute pixel localization accuracy for TSX-1 and TDX-1 
than previous studies. 
Once signal propagation and geodynamic effects are 
thoroughly considered, small systematic effects which were 
hidden by measurement error, become visible and can be 
compensated for in future. The consideration of all of these 
effects enables absolute pixel localization accuracy on the 
order of magnitude of just a few centimeters. 
In bistatic TanDEM-X acquisitions, the relative pixel 
localization accuracy in range is even better because on the 
one hand most of the remaining error contributions are 
equal in both image channels and thus cancel out in a rela-
tive measurement, and on the other hand the baseline be-
tween both satellites is more precisely known than the satel-
lites’ absolute positions. In this way, we reveal relative lo-
calization accuracy at sub-centimeter level. 
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